Nuclear proteins such as transcription and chromatin remodeling factors are required for initiation of transcription in early embryos before embryonic genome activation. The nuclear transport of these proteins is mediated by transport factors such as importins. Through analysis of expressed sequence tags from a bovine oocyte cDNA library, we identified a new member of the importin alpha family (named importin alpha8). The cloned cDNA for bovine importin alpha8 (KPNA7) is 1817 base pair in length, encoding a protein of 522 amino acids that contains a conserved importin beta-binding domain and seven armadillo motifs. The RT-PCR analysis revealed that KPNA7 mRNA is specifically expressed in ovaries and mature oocytes. Real-time PCR demonstrated that KPNA7 expression in germinal vesicle (GV) oocytes is 33 to 2396 times higher than that of other importin alpha genes and that KPNA7 mRNA is abundant in GV and metaphase II oocytes, as well as in earlystage embryos collected before embryonic genome activation, but is barely detectable in morula-and blastocyst-stage embryos. Similarly, expression of KPNA7 protein is very high in oocytes and early embryos but is low in blastocysts. A glutathione Stransferase pull-down assay revealed that KPNA7 has a strong binding affinity for the nuclear protein nucleoplasmin 2 relative to that of other importin alphas. RNA interference experiments demonstrated that knockdown of KPNA7 in early embryos results in a decreased proportion of embryos developing to the blastocyst stage. These results suggest that KPNA7 may have an important role in the transport of essential nuclear proteins required for early embryogenesis.
INTRODUCTION
Regulated transport of nuclear proteins into the nucleus through the nuclear pores is a vital event in eukaryotic cells. Importins are the major cargo carriers from the cytoplasm into the nucleus. Large proteins (.40 kDa) that cannot passively diffuse through the nuclear pores use a signal-mediated transport system. The importin a/importin b-mediated import pathway is the best-characterized nuclear transport system. Proteins transported into the nucleus contain nuclear localization signals (NLSs) that are recognized by importin a/importin b heterodimers. Importin a recognizes and binds the NLS, and importin b docks the complex to the nuclear pore and translocates it into the nucleus [1, 2] . The best-characterized NLSs used by the importin a/importin b transport system consist of a stretch of basic amino acids or two basic stretches separated by a spacer ranging from 10 to 37 amino acids [3] .
Six importin a family members (a1, a3, a4, a5, a6, and a7) have been identified in humans, and they are grouped into three subfamilies based on sequence homology. The first subfamily consists of importin a1 (KPNA2) [4, 5] . The second subfamily includes importin a3 (KPNA4) [6, 7] and importin a4 (KPNA3) [6, 8] , and the third subfamily consists of importin a5 (KPNA1) [9] , a6 (KPNA5) [6] , and a7 (KPNA6) [10] . Members of different subfamilies have ;50% sequence identity. Within one subfamily, the members share ;85% sequence identity. Members of the importin a family share the same general structural motifs, namely, an N-terminal importin b-binding domain (IBB) and multiple repeated armadillo (ARM) motifs of roughly 42 amino acids each that contain the NLS-binding pocket [11, 12] . In vitro studies have shown that individual human importin a proteins are able to import the same target proteins; many of these studies also provided experimental evidence showing that different importin as have distinct properties in terms of NLS recognition and nuclear transport efficiency for specific cargo proteins [8, 10, [13] [14] [15] [16] [17] . An in vivo study [18] of the effects of RNA interference (RNAi)-induced knockdown of specific importin a proteins in cultured cells also supports the notion that each importin a is part of specific cellular pathways. Changes in expression of different importin a proteins that regulate nuclear import of a specific set of transcription factors are critical for neural differentiation of mouse embryonic stem cells [19] .
Early embryonic development is a complex process that involves timely and quantitative control of gene transcription. Nuclear proteins, including transcription factors and chromatin remodeling proteins, are required for initiation of transcription in early embryos before embryonic genome activation. Many such factors are present throughout the developmental stages of early embryos in cattle [20] [21] [22] . The nuclear transport mechanisms for these proteins are largely unknown, and the importin a/importin b-mediated import pathway could have a major role. Two chromatin remodeling proteins have been identified that are imported to the nucleus via the importin a/ importin b transport system, namely, DNA methyltransferase 1 (DNMT1) [23] and histone deacetylase 4 (HDAC4) [24] .
Nuclear import of transcription factors such as signal transducers and activators of transcription by importin a proteins has also been documented [25, 26] . Importin a/ importin b-mediated nuclear import mechanisms occur throughout the early cleavage stages of embryogenesis in swine as determined by a reporter protein microinjection assay [27] .
In an effort to characterize the oocyte transcriptome and to identify key oocyte-specific genes involved in the regulation of ovarian folliculogenesis and early embryonic development in cattle, we previously constructed a bovine oocyte cDNA library [28] . Initial analysis of expressed sequence tag (EST) sequences from the library led to the discovery of a novel oocyte-specific gene (JY-1) encoding a putative secreted protein that can regulate granulosa cell function and is required for blastocyst development in cattle [29] . Through further analysis of EST sequences from this library, we identified another novel transcript that shows sequence similarity to genes of the importin a family and appears to be expressed specifically in ovarian tissues. We hypothesized that this novel importin a has an essential role in the nuclear transport of key transcription and chromatin remodeling factors required for early embryogenesis. Herein, we report the identification and cloning of cDNA encoding for a novel importin a protein that we named importin a8 (KPNA7), the temporal expression of KPNA7 mRNA and protein during oocyte maturation and early embryonic development, the interaction of KPNA7 with the oocyte-specific nuclear protein nucleoplasmin 2 (NPM2), and evidence supporting an important role for KPNA7 in early embryonic development in cattle.
MATERIALS AND METHODS

Tissue Collection
Bovine tissue samples, including adult liver, lung, thymus, kidney, muscle, heart, spleen, cortex (brain), pituitary, adrenal, testis, ovary, and fetal testis and ovaries, were collected at a local slaughterhouse. Age of fetuses from which fetal ovaries were collected was estimated by measuring crown-rump length [30] . Granulosa and theca cells were isolated from antral follicles according to a previously established method [31] . All samples were frozen in liquid nitrogen and stored at À808C until use.
RNA Preparation
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Concentrations of isolated RNA were determined by measuring absorbance at 260 nm. Purity of RNA was determined by calculating the ratio of absorbance at 260 nm and 280 nm, and integrity of RNA was determined by agarose gel electrophoresis. For Northern blot analysis, mRNA was isolated from total RNA using the PolyATtract mRNA isolation system (Promega, Madison, WI) according to the manufacturer's instructions.
RT-PCR Analysis
Two micrograms of DNase-treated total RNA from various bovine tissue samples was reverse transcribed to first-strand cDNA using oligo d(T)18 primer and Superscript III RT (Invitrogen). First-strand cDNA was used as template for PCR amplification using gene-specific primers for bovine importin a genes (Supplemental Table S1 , all Supplemental Data are available at www. biolreprod.org). The PCR was performed by denaturation at 948C for 2 min, followed by 35 cycles of 948C for 30 sec, 588C for 40 sec, and 728C for 90 sec, and a final extension at 728C for 10 min. The amplified products were electrophoresed through a 1% agarose gel containing ethidium bromide. Amplification of cDNA for bovine ribosomal protein L19 (RPL19) was used as a positive control for RNA quality and RT.
Cloning of Bovine Importin a8 cDNA
The largest EST clone from the oocyte cDNA library containing the 3 0 -end fragment of bovine KPNA7 cDNA was completely sequenced. Based on this partial sequence (720 base pair [bp]), a reverse primer was designed (Supplemental Table S1 ). A forward primer (starting at a putative translation start codon [Supplemental Table S1 ]) was designed based on a bovine genomic sequence (XM_001256074.1) that was predicted to encode a hypothetical protein corresponding to KPNA7. The RT-PCR was performed using these primers and cDNA from a fetal ovary to amplify the 5 0 -end sequence up to the translation start codon of KPNA7. The amplified cDNA fragment (1083 bp) was cloned using a TOPO TA cloning kit (Invitrogen) and completely sequenced. Three gene-specific rapid amplification of cDNA ends (RACE) primers (Supplemental Table S1 ) were designed based on the obtained 5 0 -end sequence, and 5
0 RACE was performed to extend the 5 0 end of the cDNA sequence using the second-generation 5 0 /3 0 RACE kit (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's protocol. Two micrograms of total RNA from a bovine fetal ovary was reverse transcribed to cDNA using a gene-specific primer (SP1), followed by two rounds of nested PCR using gene-specific primers (SP2 and SP3) in conjunction with d(T) anchor primers provided in the kit. The final RACE product (162 bp) was cloned using the TOPO TA cloning kit and sequenced. The complete cDNA sequence for KPNA7 was constructed using sequences from the EST clone, the RT-PCR fragment, and the 5 0 RACE product.
Northern Blot Analysis
Ten micrograms of mRNA isolated from bovine adult ovaries was separated on a 1% denaturing agarose gel (containing 2.2 M formaldehyde) by electrophoresis along with an RNA marker (Promega) and transferred to Hybond Nþ nylon membrane (Amersham Biosciences, Piscataway, NJ). After UV cross-linking, the membrane was prehybridized in DIG Easy Hyb solution (Roche Diagnostics) for 1 h and then hybridized in the same solution containing 75 ng/ml of DIG-labeled antisense RNA probe overnight at 688C. Following stringent washes, the membrane was incubated in blocking solution for 30 min, followed by incubation with 1:10 000 dilution (in blocking solution) of alkaline phosphatase-conjugated anti-DIG antibody (Roche Diagnostics) for 30 min at room temperature. After two washes in wash buffer, the hybridized probe was detected with the chemiluminescent substrate CSPD (Roche Diagnostics). Blocking solution and washing solution were from a DIG wash and block buffer set (Roche Diagnostics). The DIG-labeled antisense RNA probe was synthesized using a DIG-RNA labeling kit (Roche Diagnostics), and plasmid containing the 3 0 -end 720-bp fragment of KPNA7 cDNA was used as a template.
Generation of Antibodies
Polyclonal antiserum against KPNA7 was raised by immunizing rabbits with a 14-amino acid synthetic peptide (CRNKNPYPSDHAVK, conjugated to keyhole limpit hemacyanin) of the predicted amino acid sequence of KPNA7. Polyclonal antiserum against bovine NPM2 was generated by immunizing rabbits with a 15-amino acid synthetic peptide (ERPTWTFKPQKVGKC) of bovine NPM2 protein. The antibodies against KPNA7 and NPM2 were prepared commercially by Sigma Genosys (The Woodlands, TX) and GenScript Corporation (Piscataway, NJ), respectively. Antisera from the third bleed were used in the study.
Western Blot Analysis
Bovine germinal vesicle (GV)-and metaphase II (MII)-stage oocytes and 2-cell, 16-cell, and blastocyst embryos were purchased from Bomed, Inc. (Madison, WI). A total of 50 oocytes or embryos from each stage (n ¼ 2 independent sets of samples per stage) were lysed directly in 23 Laemmli sample buffer (Bio-Rad, Hercules, CA), followed by boiling for 5 min. The protein samples were electrophoresed through a 4%-20% Tris-HCl ready gel (Bio-Rad) and electroblotted onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad). After blocking for 1 h in 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST), the membrane was incubated with KPNA7 antibodies (1:100 dilution in blocking solution) overnight at 48C. After washing three times with TBST, the membrane was incubated for 1 h with horseradish peroxidase-conjugated goat anti-rabbit IgG (Pierce, Rockford, IL) diluted 1:10 000 in blocking solution. The membrane was washed again with TBST, followed by detection with SuperSignal West Pico Chemiluminescent Substrate (Pierce). The membrane was stripped in Restore Plus Western Blot Stripping Buffer (Pierce), followed by detection of b-actin (ACTB) protein (positive control) using anti-b-actin antibody (Ambion, Austin, TX) and horseradish peroxidase-conjugated goat anti-mouse IgG (Pierce).
Quantitative Real-Time PCR Assay
For analysis of mRNA expression for all bovine importin a genes in oocytes, real-time PCR was performed using GV-stage oocytes of abattoir 334 TEJOMURTULA ET AL.
origin purchased from Bomed, Inc. Total RNA from pools (20 oocytes/pool) of oocytes was isolated and simultaneously subjected to DNase treatment using the RNAqueous Micro Scale RNA isolation kit (Ambion). The DNase-treated RNA from each pool (n ¼ 4 pools) was converted to cDNA using Superscript III RT. Real-time PCR primers for bovine importin a genes and the control gene (histone cluster 2, H2aa4, HIST2H2AA4) were designed based on the corresponding cDNA sequences (Supplemental Table S1 ). Quantitative PCR was performed for each cDNA sample on a Bio-Rad iCycler iQ Real-Time PCR Detection System using iQ SYBR Green Supermix (Bio-Rad) in a 25-ll reaction volume containing 300 nM of each primer and cDNA derived from one oocyte. Standard curves for the importin a genes and the endogenous control were constructed using 10-fold serial dilutions of the corresponding plasmids. For each sample, the quantity of the mRNA for a particular importin a gene and the reference gene mRNA (HIST2H2AA4) was determined from the appropriate standard curves. The quantity of the importin a mRNA was then divided by the quantity of the reference gene to obtain a normalized value. The expression of importin a mRNA was then expressed as relative fold change.
For quantitative measurement of KPNA7 mRNA expression during oocyte maturation and early embryonic development, real-time PCR was performed as described previously [32] . The oocytes and embryo samples used in the experiment included GV-and MII-stage oocytes and pronuclear, 2-cell, 4-cell, 8-cell, 16-cell, and morula-and blastocyst-stage embryos (n ¼ 5 pools of 10 each) generated by in vitro fertilization of abattoir-derived oocytes as described previously [32] . Before RNA extraction, each sample was spiked with 250 fg of green fluorescent protein (GFP) synthetic RNA (polyadenylated) as an exogenous control. The quantity for KPNA7 mRNA was normalized relative to the quantity of GFP RNA measured in each sample, and differences in normalized data across developmental stages were determined by one-way ANOVA using the general linear model procedure of SAS (SAS Institute, Cary, NC). Individual mean comparisons were performed using Fisher protected least significant difference test. Differences of P , 0.05 were considered significant.
Expression and Purification of Glutathione S-Transferase Fusion Proteins
The open reading frames of bovine importin a1 (KPNA2), a3 (KPNA4), a4 (KPNA3), a5 (KPNA1), a6 (KPNA5), a7 (KPNA6), and a8 (KPNA7) were amplified from bovine cDNA samples by PCR using gene-specific primers containing restriction sites BamHI/XhoI (for KPNA2, KPNA4, KPNA3, KPNA1, KPNA6, and KPNA7) or EcoRI/XhoI (for KPNA5) (Supplemental Table S1 ). The PCR products were cloned into pGEM-T Easy TA cloning vector (Promega) and subsequently cloned in frame with the glutathione Stransferase (GST) coding sequence of pGEX 4T-1 (Amersham Biosciences) vector digested with respective enzymes. The GST-tagged fusion proteins were expressed in Escherichia coli BL 21 strain. Bacterial cultures were induced with 1 mM isopropyl b-D-thiogalactopyranoside at 378C for 5 h. Bacterial pellets were collected by centrifugation, and bacteria were lysed in PBS by sonication on ice for 15 min, and the clear lysate was passed through an immobilized glutathione (Pierce) column. After washing four times with cold PBS, the recombinant proteins were eluted in cold GST elution buffer (50 mM Tris-HCl [pH 8.0] and 10 mM reduced glutathione). The eluted proteins were concentrated by Microcon centrifugal filter devices (Millipore, Bedford, MA). A portion of the proteins was electrophoresed through an SDS-PAGE gel and stained with Coomassie brilliant blue R-250.
GST Pull-Down Assay
Bovine NPM2 protein was produced using the TNT T7 Quick Coupled Transcription/Translation system (Promega) according to the manufacturer's instructions. Equal amounts of concentrated GST fusion proteins were immobilized onto MagneGST particles (Promega) as per the manufacturer's instructions. The immobilized GST fusion proteins were then incubated with NPM2 protein for 2 h. After washing thoroughly, the protein complexes were eluted in 23 Laemmli sample buffer, electrophoresed through an SDS-PAGE gel, and transferred to a PVDF membrane. Detection of the NPM2 protein on the membrane was performed by standard Western blot procedures as already described using NPM2 antibodies (1:100 diluted in blocking solution).
RNAi Experiments
Procedures for in vitro maturation of oocytes (obtained from abattoirderived ovaries) and in vitro fertilization to generate zygotes for microinjection, as well as for subsequent embryo culture, were conducted basically as described previously [32] with modifications noted herein. Two short interfering (siRNA) species targeting KPNA7 mRNA were designed using siRNA Target Finder (http://www.ambion.com/techlib/misc/siRNA_finder. html). The KPNA7 siRNA species were synthesized using the Silencer siRNA construction kit (Ambion) according to the manufacturer's instructions. The sense (S) and antisense (AS) oligonucleotide template sequences for both siRNA species are given in Supplemental Table S1 . Microinjection was performed with an inverted Nikon microscope equipped with micromanipulators (Narishige International USA, Inc., East Meadow, NY) and intracytoplasmic sperm injection micropipettes (Humagen Fertility Diagnostics, Charlottesville, VA). Each in vitro fertilized embryo (24 h after insemination) was injected with ;20 picoliters of siRNA. A mixture of two KPNA7 siRNA species at a final concentration of 25 lM was used in the treatment group. Uninjected embryos and embryos injected with a nonspecific siRNA (universal control No. 1; Ambion]) were used as control groups. Each group contains 25-30 embryos (n ¼ 4). After microinjection, groups of embryos were cultured in 75-to 90-ll drops of potassium simplex optimization medium (KSOM) (Specialty Media, Phillipsburg, NJ) supplemented with 0.3% bovine serum albumin (BSA) until 72 h after insemination. Thereafter, embryos were cultured in fresh KSOM medium supplemented with 0.3% BSA and 10% fetal bovine serum until documentation of the blastocyst rate on Day 7.
The efficiency in RNA knockdown for the mixture of KPNA7 siRNA was determined by real-time PCR analysis of 4-cell embryos following siRNA injection. Further determination of KPNA7 protein abundance in 8-to 16-cell embryos injected with the KPNA7 siRNA mixture was performed by Western blot analysis. The development of the uninjected or injected embryos (with KPNA7 siRNA or negative control siRNA) was evaluated by recording the proportion of embryos that cleaved (48 h after insemination) and reached 8-to 16-cell stage (72 h after insemination) and blastocyst stage (7 days after insemination).
RESULTS
cDNA Cloning and Expression of Bovine KPNA7
Through analysis of EST sequences from a bovine oocyte cDNA library, we identified a novel transcript that shows sequence similarity to genes of the importin a family. Analysis of tissue distribution of the novel transcript by RT-PCR revealed that this novel gene is almost exclusively expressed in ovarian samples (very minor expression in testicular samples) (Fig. 1A) . Further RT-PCR analysis showed that expression of this gene is high in GV-stage oocytes but is not detectable in granulosa and theca cells (Fig. 1B) . Northern blot analysis detected a single transcript of ;1.9 kilobase (kb) in an adult ovary sample (Fig. 1C) . Analysis of mRNA expression for the novel gene in fetal ovaries of different developmental stages revealed that the transcript is not detectable in fetal ovaries collected at 90 and 95 days of gestation (when primordial follicles are first observed in cows) but is highly abundant in fetal ovaries of late gestation (Fig. 1D) [33] revealed that the protein contains a conserved IBB domain at the N-terminus and seven ARM motifs in the central region (Supplemental Fig. S1 ), typical characteristics for importin a proteins. To distinguish this novel importin a from the known importin as identified in human and mouse (a1-a7) [27, 34] , we named it bovine importin a8 (KPNA7).
Genomic Structure of Bovine KPNA7
BLAST search of the assembled bovine genome sequence in the National Center for Biotechnology Information database using the KPNA7 cDNA sequence identified an annotated bovine chromosome 25 genomic contig sequence (NW_001494327) containing the KPNA7 gene, which spans more than 27 kb. To determine the exon/intron structure of the gene, the cDNA sequence was aligned with the genomic sequence using the Spidey program (http://www.ncbi.nlm.nih. gov/IEB/Research/Ostell/Spidey/). The KPNA7 gene has 11 ROLE OF BOVINE IMPORTIN a8 IN EARLY EMBRYOGENESIS exons and 10 introns as determined by the program (Supplemental Fig. S2A) , and all splice sites are in agreement with consensus sequences (GT-AG rule) (Supplemental Table  S2 ). Analysis of the 5 0 -flanking sequence of the KPNA7 gene using the WWW Promoter Scan program (http://www-bimas. cit.nih.gov/molbio/proscan) identified a typical Sp-1-binding site (Supplemental Fig. S2B) , as well as a number of putative transcription factor-binding sites such as UCE.2, GCF, T-Ag, JCV repeated sequence, and AABS_CS2 (data not shown). In addition, five putative E-boxes were identified by visual inspection (Supplemental Fig. S2B ). Such elements are known to be necessary for oocyte-specific gene expression [35, 36] .
Identification and Sequence Analysis of Bovine Importin a Family Proteins
Using human importin a protein sequences, we searched the Dana Farber Cancer Institute (DFCI) Gene Indices and GenBank database to identify the cDNA sequences for bovine KPNA2, KPNA4, KPNA3, KPNA1, KPNA5, and KPNA6 genes. TC sequences representing all six bovine importin a cDNAs were identified in the DFCI Gene Indices database (Supplemental Table S3 ). Annotated mRNA sequences for bovine KPNA2 and KPNA6 were identified in the GenBank database. Predicted mRNA sequences (from bovine genomic sequences) for bovine KPNA4, KPNA3, KPNA1, and KPNA5 were also found in the GenBank database. The predicted bovine KPNA2, KPNA4, KPNA3, KPNA1, KPNA5, and KPNA6 proteins are 529, 521, 521, 538, 536, and 536 amino acids, respectively. All proteins are predicted to contain an IBB domain and eight ARM repeats (Fig. 2A) . The predicted KPNA7 protein shares 53%, 45%, 45%, 41%, 40%, and 40% sequence identity with bovine KPNA2, KPNA4, KPNA3, KPNA1, KPNA5, and KPNA6, respectively. Phylogenetic analysis revealed that the new member of the importin a family is more closely related to KPNA2 (Fig. 2B) . Therefore, KPNA7 belongs to the first subfamily of the importin a family. Comparison of amino acid sequence identity between bovine and human/mouse importin a proteins revealed that bovine importin a proteins share high sequence homology (93%-100%) with their human and mouse counterparts (Supplemental Table S4 ). Expression of mRNA for KPNA2, KPNA4, KPNA3, KPNA1, KPNA5, and KPNA6 in bovine tissues was determined by RT-PCR analysis. All six genes appeared to be ubiquitously expressed (Fig. 3A) .
Expression of Bovine KPNA7 mRNA in GV Oocytes Relative to Other Members of the Bovine Importin a Family
To quantitatively determine the expression levels of all bovine importin a genes in bovine oocytes, we performed realtime PCR analysis on RNA isolated from GV-stage oocytes. Because the expression of KPNA4 and KPNA5 was extremely low in GV oocytes, we considered them nondetectable. Using KPNA6 as a calibrator (which shows the lowest level among the remaining importin a genes), we expressed mRNA abundance for KPNA2, KPNA3, KPNA1, and KPNA7 relative to the level for KPNA6. As shown in Figure 3B , the expression of KPNA7 in GV oocytes is much higher than that of all other bovine importin a genes. The KPNA7 mRNA is 33, 532, 1498, and 2396 times more abundant than the KPNA2, KPNA3, KPNA1, and KPNA6 mRNAs, respectively. The mRNA for KPNA2 is also highly abundant in GV oocytes, manifesting 72 times more frequently than the KPNA6 mRNA.
Expression of Bovine KPNA7 mRNA and Protein During Oocyte Maturation and Early Embryonic Development
Real-time PCR analysis of steady-state mRNA levels of the KPNA7 gene during oocyte maturation and early embryonic development showed that the transcript is abundant in GV-and MII-stage oocytes, as well as in pronuclear and 2-cell embryos. The KPNA7 mRNA level starts to decrease gradually from 4-to 16-cell stage, reaching a level that is barely detectable in morula-and blastocyst-stage embryos (Fig. 4A) . Western blot analysis demonstrated that the size of the KPNA7 protein is ;62 000 M r and that protein abundance is high in GV-and MII-stage oocytes, as well as in 2-cell embryos, but drops sharply by the blastocyst stage (Fig. 4B) . Besides the predominant band of 62 000 M r present in all samples, a minor band of slightly lower molecular mass was detected in the 16-cell and blastocyst-stage embryo samples. The nature of this minor band is unclear at this time, although it may represent a splice variant of the major protein. The 62 000 M r band was not detected in extracts of bovine muscle (data not shown), in which mRNA expression for other family members (KPNA2, KPNA4, KPNA3, KPNA1, KPNA5, and KPNA6) is readily detectable by RT-PCR (Fig. 3A) , supporting the specificity of antisera utilized in Western blot analysis.
Interaction of Bovine KPNA7 Protein with Bovine NPM2
To determine the ability of KPNA7 protein to interact with other proteins transported into the nucleus known to be critical to early embryogenesis, we performed a GST pull-down assay to assess potential interaction of KPNA7 protein with bovine NPM2. NPM2 is a known oocyte-specific nuclear factor required for nuclear and nucleolar organization in mouse early embryos [37] and contains a typical NLS. The GST fusion proteins for bovine KPNA2, KPNA4, KPNA5, KPNA6, and KPNA7 were expressed and tested for interactions with NPM2. We were unable to achieve sufficient expression of KPNA3 and KPNA1, so interactions of such importins with bovine NPM2 were not tested. All purified proteins showed a predominant single band of the expected size by SDS-PAGE analysis (Fig. 5A) . The in vitro-binding assay showed that KPNA7 had a much stronger binding affinity for NPM2 compared with the other bovine importin a proteins tested (Fig.  5B) .
Effect of Bovine KPNA7 Knockdown on Early Embryonic Development
To determine the role of KPNA7 during early embryonic development, we performed RNAi experiments to reduce KPNA7 in bovine embryos. Two KPNA7 siRNA species were in vitro produced, and initial experiments were performed to test the efficacy and specificity of the siRNAs in silencing KPNA7. Both siRNA species were able to reduce KPNA7 mRNA abundance by ;70% in 4-cell embryos (Supplemental Fig. S3A) . A mixture of the two siRNA species specifically reduced KPNA7 mRNA abundance by 73% in 4-cell embryos (Fig. 6A) , with no effect on mRNA abundance for ACTB (Supplemental Fig. S3B) . Injection of the siRNA mixture also reduced KPNA7 protein by ;50% in 8-to 16-cell embryos (Supplemental Fig. S3, C and D) . KPNA7 siRNA mixture injection into in vitro fertilized embryos did not affect the   FIG. 3. A) The RT-PCR analysis of bovine KPNA2, KPNA4, KPNA3, KPNA1, KPNA5, and KPNA6 mRNA expression in multiple bovine tissues. Bovine RPL19 was used as a control for RNA quality. B) Relative mRNA abundance of different bovine importin a genes in GV oocytes analyzed by quantitative real-time PCR. Real-time PCR data were normalized to the bovine HIST2H2AA4 gene. Expression of KPNA4 and KPNA5 in the oocytes is extremely low relative to the expression of KPNA7. Therefore, their expression is considered zero. The relative fold differences are calculated using the mean value (n ¼ 4) of KPNA6 as a calibrator.
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cleavage rates (Fig. 6B) but significantly reduced the proportion of embryos developing to 8-to 16-cell stage relative to uninjected and negative control siRNA-injected embryos (P , 0.05) (Fig. 6C) . Injection of the KPNA7 siRNA mixture also significantly decreased the proportion of embryos developing to the blastocyst stage compared with uninjected and negative control siRNA-injected embryos (P , 0.05) (Fig.  6D) .
DISCUSSION
In the present study, we report the cloning and functional characterization of a novel oocyte-specific gene in cattle. The predicted protein encoded by this novel gene contains a conserved IBB domain and multiple ARM repeat motifs that are typical domain structures of importin a proteins, indicating that the novel protein is a new member of the importin a family. Results indicate that expression of KPNA7 is ovary (oocyte) specific and important for early embryogenesis. Biochemical investigations demonstrated the ability of KPNA7 to interact with a key chromatin remodeling factor (NPM2) implicated in early embryogenesis. Thus, we suggest that KPNA7 may have an important role in the nuclear transport of key oocyte-specific nuclear proteins (e.g., chromatin remodeling and transcription factors) during early development.
A search of the GenBank database indicates the existence of multiple sequences representing human and mouse orthologues of bovine KPNA7. The human orthologous gene (GeneID 402569) is located on chromosome 7, and the mouse gene (GeneID 381686) is located on chromosome 5; both are syntenic to bovine chromosome 25. The predicted human protein is 516 amino acids (NP_001139187.1, ABW96272) and shares 75% sequence identity with bovine KPNA7. The mouse orthologous protein is 499 amino acids (NP_001013796, AAX50192, EDL19009), showing only 59% sequence identity with bovine KPNA7. Analysis of EST profiles (Unigene database) revealed that the mouse orthologue is abundantly expressed in fertilized ovum, embryonic tissue, and ovary. Surprisingly, the human orthologue is not expressed in any of the aforementioned tissues.
To date, six importin as have been reported in humans. The human importin a1 (KPNA2), a3 (KPNA4), a4 (KPNA3), a5 (KPNA1), and a7 (KPNA6) correspond to mouse importin a2 (KPNA2), a4 (KPNA4), a3 (KPNA3), a1 (KPNA1), and a6 (KPNA6), respectively. The mouse orthologue of human importin a6 (KPNA5) has not been reported to date. Although the NLS-binding domains (ARM repeats) of different importin as are conserved, each importin a appears to have distinct NLS-binding specificities [17] . We identified the bovine orthologues of all known human importin as (a1, a3, a4, a5, a6, and a7) through database searches. Like human importin as, six bovine importin as were also grouped into three subfamilies, and KPNA7 is more closely related to KPNA2, which belongs to the first subfamily. Although members within the second subfamily (KPNA4 and KPNA3) and third family The GST pull-down assay. In vitro-produced NPM2 protein was incubated with immobilized GST-importin fusion proteins, and eluted NPM2 protein was detected by Western blot analysis using antibodies against bovine NPM2. kD, kilodaltons. 
338
(KPNA1, KPNA5, and KPNA6) share ;80%-85% sequence identity, KPNA7 and KPNA2 within the first subfamily only share 53% sequence identity, suggesting distinct functions of the two members in the subfamily. In fact, even KPNA4 and KPNA3, which share 85% sequence identity, appear to target different cargo proteins [18] . KPNA7 is predicted to contain seven ARM repeats instead of eight ARM repeats present in all other bovine importin as. This unique structure further suggests its distinct role in transporting specific cargo proteins.
Although different human and mouse importin as differ in their cell-and tissue-specific expression patterns, most are expressed ubiquitously [6, 8, 10, [38] [39] [40] [41] . Only human KPNA5 expression seems to be restricted to the testis [6] . In this study, we show that bovine KPNA2, KPNA4, KPNA3, KPNA1, KPNA5, and KPNA6 mRNAs are ubiquitously expressed, while KPNA7 is specifically expressed in oocytes and early embryos. In contrast to the testis-specific expression of human KPNA5, the expression of bovine KPNA5 mRNA does not appear to be restricted to any specific tissue, suggesting species-specific expression of KPNA5. Because mouse KPNA5 has not been identified, despite the presence of a huge amount of mouse EST and genome sequences in the public database, KPNA5 could also be a species-specific protein. Although all bovine importin as are expressed in ovarian tissues, KPNA7 shows at least 30 times higher expression in GV oocytes than any other bovine importin a genes (Fig. 3B) , suggesting that KPNA7 is a major player in the nuclear transport of certain key nuclear factors required for oocyte development and early embryogenesis.
The oocyte is a unique cell that can reprogram somatic nuclei and initiate embryonic development via parthenogenesis [42, 43] . An oocyte must undergo several developmental transitions during which it synthesizes a unique set of proteins in preparation for fertilization. The molecular mechanisms involved in oocyte development are largely unknown. Transcription factors, particularly oocyte-specific ones, are likely to be the critical regulators. To date, several oocytespecific transcription factors that control oocyte development and somatic cell function during folliculogenesis have been identified [44, 45] . These oocyte-specific factors include FIGLA (factor in the germline a) [46] , SOHLH1/SOHLH2
(spermatogenesis-and oogenesis-specific basic helix-loophelix transcription factor) [47] , NOBOX (newborn ovary homeobox) [48] , OOG (oogenesin) [49, 50] , and POU5F1 (POU domain, class 5, transcription factor 1, previously known as OCT-4) [51, 52] . Some of these transcription factors are known to regulate genes unique to oocytes such as NOBOX. NOBOX is expressed in primordial and growing mouse oocytes [48] , and it directly or indirectly regulates the transcription of genes specifically or preferentially expressed in the oocyte, including Mos, Pou5f1, Rfpl4, Fgf8, Zar1, Dnmt1, Gdf9, Bmp15, and Hf1oo, during early folliculogenesis [53, 54] . Some of the regulated genes (such as Gdf9 and Bmp15) encode oocyte-secreted factors that have important roles in the development of ovarian follicles [55, 56] . Another essential regulator of transcription in the oocyte is POU5F1. In mouse oocytes, Pou5f1 expression is down-regulated when the oocyte enters prophase of the first meiotic division and is upregulated near oocyte maturation, suggesting that POU5F1 may have a role in the growth or acquisition of meiotic competence of oocytes [57] . To date, the mechanism by which these important oocyte-specific transcriptional regulators are transported into the nucleus is unknown. Using computational prediction, we have found that NOBOX and POU5F1 contain a typical NLS (data not shown). Therefore, they are likely targeted by importin as and transported to the nucleus through the classic importin a/importin b pathway. As a new member of the importin a family specifically expressed in oocytes, KPNA7 may have an essential role in mediating the nuclear transport of these oocyte-specific nuclear factors. Our results show that KPNA7 mRNA is detected in fetal ovaries as early as Day 100 of gestation (Fig. 1D) , a period when primordial follicles are emerging in cattle [58] . The steady increase of KPNA7 mRNA in fetal ovaries during development (Fig. 1D ) also suggests a role for this protein in supporting the development of primary and secondary follicles, which are formed around Days 140 and 210 of gestation, respectively [58] .
Our results clearly indicate that depletion of KPNA7 in early embryos has a negative effect on early embryogenesis and progression to the blastocyst stage following fertilization. The first important developmental transition that occurs following fertilization is activation of the embryonic genome during which transcripts expressed from the zygotic or embryonic genome replace the maternal transcripts that direct initial development [59, 60] . Nuclear proteins such as cyclins, transcription factors, and chromatin remodeling factors are key factors responsible for the transition. In particular, decondensation and reorganization of chromatin of male and female gametes by oocyte-derived chromatin remodeling factors such as SMARCA4 (SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a, member 4, previously known as BRG1) and NPM2 are crucial events during this transition [61] . In cattle, major activation of the embryonic genome occurs at 8-to 16-cell stages, although transcriptional activity can be detected as early as the 2-cell stage [62] [63] [64] . Our expression study clearly shows that both KPNA7 mRNA and protein are abundantly present during these stages (Fig. 4) , suggesting a role for this protein in transporting the essential nuclear factors required for the maternal-toembryonic transition. The expression pattern of KPNA7 mRNA and protein during early embryogenesis is similar to a number of known maternal-effect genes [37, 65] , further suggesting that KPNA7 is a maternal-effect gene required for early embryogenesis. Our results of siRNA-mediated gene knockdown experiments support this argument and clearly demonstrated that KPNA7 has an important role during early embryonic development in cattle. Several maternal-effect genes in mice, including Nlrp5 (Mater) [66] , Zar1 [67] , and Npm2 [37] , have been demonstrated to be important for early embryonic development. While expression of NLRP5 and ZAR1 in bovine oocytes or embryos has been reported [65, 68, 69] , their roles in bovine early embryogenesis have not been demonstrated. JY-1 is the first bovine oocyte-specific maternal factor that has been shown to control early embryonic development in cattle [29] . KPNA7 represents the second oocyte-specific factor with a demonstrated role in early embryogenesis in cattle.
To date, studies on the role of importin as in embryogenesis are limited. We show that KPNA7 knockdown in early embryos results in impaired development to the blastocyst stage in cattle. Our results further suggest that KPNA7 may be required during the early embryonic stages before embryonic genome activation, as KPNA7 siRNA injection significantly reduced the development of embryos to 8-to 16-cell stages. Previous studies [70, 71] have demonstrated the importance of Caenorhabditis elegans importin a2 and a3 for embryonic development. The clear role of importin as in the development of mammalian embryos has not been reported except for a study [27] that showed the presence of two porcine importin as, KPNA2 and KPNA3, during preimplantation development and a requirement of KPNA3, but not KPNA2, for cleavage of porcine embryos. A future systemic study of the effects of down-regulation of additional importin as in mammalian embryos will provide a better picture of the roles of importin as in embryogenesis.
Understanding the role of the importin a/importin b transport system in controlling the nuclear transport of key nuclear factors during early embryogenesis may be of mechanistic significance to cloning by somatic cell nuclear transfer. Embryos produced by nuclear transfer are often associated with high rates of pregnancy loss, placental abnormalities, aberrant expression of imprinted genes, and abnormal fetal growth [72] . These developmental aberrations are mainly due to incomplete reprogramming of the somatic nucleus. The epigenetic signals that are altered in nuclear transfer embryos include patterns of DNA methylation, histone modification, and chromatin structure [73] . Earlier studies [74, 75] have indicated that reprogramming is initiated by the oocyte following nuclear transfer and continues during cleavage. A key component of reprogramming in nuclear transfer embryos is the remodeling of chromatin of the differentiated somatic nucleus [76] . A class of molecules that facilitates chromatin protein exchange is the nuclear chaperones [77] such as nucleoplasmin (NPM) [78] [79] [80] . Of the three NPM-like proteins in mouse (NPM1, NPM2, and NPM3), NPM2 is known to have a crucial role in nuclear and nucleolar organization in oocytes and early embryos [37] . NPM2 has a typical NLS and is a potential target of importins. Our data clearly demonstrated that KPNA7 binds to bovine NPM2 with higher binding affinity than other importin as (Fig. 5) , suggesting that KPNA7 may have a major role in the nuclear transport of NPM2. As an oocyte-specific importin a abundantly present in oocytes, KPNA7 may have a key role in nuclear reprogramming by transporting specific remodeling factors like NPM2 across the somatic cell nucleus during the process, which may help explain the unique ability of the oocyte cytoplasm to facilitate nuclear reprogramming.
In summary, we have identified a new member of the importin a family that is specifically expressed in bovine oocytes and early embryos and have provided evidence supporting an important role for KPNA7 in early embryonic development in cattle. Future identification of specific cargo proteins that are transported into the nucleus by KPNA7 should provide insights into the mechanisms whereby KPNA7 may help regulate gene expression during oogenesis and early embryonic development and may ultimately lead to the development of strategies to improve the efficiency of cloning by nuclear transfer.
